The beginning of the second century of research in the field of virology (the first virus was discovered in 1898) was marked by its amalgamation with bioinformatics, resulting in the birth of a new domain-viroinformatics. The availability of more than 100 Web servers and databases embracing all or specific viruses ( 
V
iruses, known to have infected humankind since approximately the 15th century BC, are found in all cellular forms of life, from bacteria to chordates. Pathogenic human viruses are causative agents of many morbid diseases such as influenza, AIDS, dengue fever, encephalitis, hepatitis, diarrhea, and severe acute respiratory syndrome (SARS). However, despite the availability of effective vaccines and treatments for several diseases, ϳ6 million deaths occur every year due to viruses. Thus, it is imperative to develop remedies against these viral invaders. Advances in molecular biology and bioinformatics have resulted in a deluge of genomic and experimental data. To store, examine, and disseminate all this information, 112 viroinformatics resources have been developed (as of May 2014; Table 1 ). The International Committee on Taxonomy of Viruses (ICTV) that performs the task of naming and classifying viruses lists 2,618 species. Strikingly, the genomes of ϳ40,000 viral strains, across more than 900 species, have been sequenced (NCBI Viral Genome Resource, NCBI Influenza Virus Resource [NCBI-IVR], and http://www .viprbrc.org/).
The aims of this article are manyfold. The first aim is to provide an extensive list of viroinformatics resources. At present, the information about these resources is so disparate that it is almost impossible to be aware of all the tools (many of which have been developed recently). The second aim is to categorize the resources based on their specificity for a particular virus, application, or task. The third aim is to compare tools performing similar tasks on the basis of (i) importance, popularity, and reliability (reflected by the citation index of a tool), (ii) the number of genomes and sequences included, (iii) the unique features of a given resource, and (iv) ease of use (whether a Web interface is available). If available, references to publications comparing similar tools have also been provided. The fourth aim is to provide information about tools that have been succeeded by a newer resource, have not been updated for more than past 2 years, or are currently inaccessible. The fifth (and most important) aim is to enable virologists to get an overview of tools capable of carrying out a desired task and select the most suitable one(s). For compiling the comprehensive index of resources presented here, an initial list was first prepared by extensively searching the literature (PubMed [http://www.ncbi.nlm.nih.gov/pubmed] and ScienceDirect [http://www.sciencedirect.com]) using all possible combinations of various keywords. Subsequently, all the publications describing these tools were thoroughly explored to find other resources mentioned in them. This greatly expanded the initial list and highlights the fact that it is almost impossible to learn about several resources by directly searching through the use of keywords. The inventory of databases provided by Nucleic Acids Research (http://www.oxfordjournals.org/nar/database/a/) was also examined for those dedicated specifically to virology.
VIRUS-CENTERED RESOURCES AND THE VIRUS PATHOGEN DATABASE AND ANALYSIS RESOURCE (ViPR)
Influenza virus. Influenza virus, one of the major human health public threats, was brought to the forefront of the world's attention due to the recent emergence of 2009 pandemic influenza A (H1N1, swine flu) virus. To date, 11 distinct Web portals and tools have been developed exclusively for influenza virus ( Table 2 ). The first one to be developed was the Influenza Virus Database (IVDB), and the NCBI Influenza Virus Resource (NCBI-IVR) and Influenza Research Database (IRD) were subsequently concurrently established (1) (2) (3) . Although all three websites provide access to sequence information as well as on-site access to various generic tools (BLAST, multiple-sequence alignment, and phylogenetic tree construction), each has a distinct focus. IVDB is exclusively armed with (i) the Sequence Distribution Tool, to display the worldwide geographic distribution of the chosen viral genotypes and to couple genomic data with epidemiological data, and (ii) the Quality Filter System, to classify the nucleotide se- (4, 5) . IRD is a comprehensive platform (with data quantity almost equal to that of NCBI-IVR) that integrates genomic, proteomic, immune epitope, and surveillance information (6). Additionally, it emphasizes influenza virus host-pathogen interactions to gain insights into the nature of virulence and host range and the effect of sequence variation on these phenomena. Like NCBI-IVR and IRD, another extensive repository is the EpiFlu database hosted by the Global Initiative on Sharing Avian Influenza Data (GISAID) consortium (7) . On the other hand, FluGenome is the only available tool for genotyping influenza A virus and, in addition, facilitates identification of reassortment events between divergent lines (8) . A distinct downloadable program, GiRaF (Graph-incompatibility-based Reassortment Finder), designed specifically for the detection of reassortments in influenza viruses, is also available (9) . In order to understand and monitor the evolution and migration of strains, an Influenza Sequence and Epitope Database (ISED) was established that catalogs sequence and epitope information of viruses from Asian countries (10) . Another useful Web server is ATIVS (Analytical Tool for Influenza Virus Surveillance), which analyzes serological data of all influenza subtypes and hemagglutinin sequence data of influenza A/H3N2 viruses so as to generate antigenic maps for influenza surveillance and vaccine strain selection (11) . Recently, OpenFluDB (an isolate-centered inventory) was developed; it contains general information about an isolate, including virus type, host, and collection date and geographical location as well as computationally predicted antiviral resistance, enhanced pathogenicity, or human adaptation propensity (12) . The Influenza Primer Design Resource (IPDR) is designed to aid the development of primers and probes that can be used in diagnostic assays (13) . To help prepare for future influenza seasonal epidemics or pandemics, a stochastic model, FluTE, capable of simulating the spread of influenza in the United States has also been constructed (14) .
HIV and human T-cell lymphotropic virus (HTLV).
In agreement with the fact that tremendous efforts are going on worldwide to control and treat AIDS, numerous resources that target human immunodeficiency virus (HIV) have been developed (Table 2) . The LANL HIV database provides access to data on genetic sequences, immunological epitopes, drug resistance-associated mutations, and vaccine trials and to various useful tools (Geography Search, which retrieves sequences based on geographic distribution; Sequence Locator, which shows features and positions of nucleotide and protein sequences in the genome; HIValign, an alignment program; Gap Squeeze, which removes columns with more than a given percentage of gaps; N-Glycosite, which identifies potential N-linked glycosylation sites; Highlighter, which highlights matches, mismatches, and transition and transversion mutations; Entropy, which quantifies positional variation in an alignment; FindModel, which finds which evolutionary model best fits user sequences; PhyloPlace, which reports phylogenetic relatedness with reference sequences; Protein Feature Accent, which maps a desired sequence on the three-dimensional [3D] structure of a protein; and Recombinant Identification Program, which detects HIV-1 subtypes and recombination) (15) (16) (17) . A distinct but partially overlapping platform, the Stanford HIV Drug Resistance Database, which contains genotype-treatment, genotype-phenotype, and genotype-outcome correlation data, is also available (18) . In addition, it not only hosts the HIVdb tool for subtype and drug resistance predictions but also hosts the HIValg tool for comparison of three drug resistance algorithms (HIVdb, ANRS, and REGA). Likewise, the EuResist Network provides access to (i) a database of HIV genotypes and clinical responses to antiretroviral therapy, (ii) a locally installable tool to store clinical data of patients and to predict the activity of antiretroviral drugs, and (iii) a Web tool to predict subtypes as well as the efficacy of antiretroviral drug combinations (19) . The Web tool PIRSpred is also available to predict drug resistance from HIV-1 genotypes (20) . Additionally, HIV Therapy Simulator (HIVSIM) is a software application that enables users to assess the effectiveness of different therapeutic strategies for treatment of HIV infection (21) . The Web server SCUEAL (Subtype Classification Using Evo- lutionary ALgorithms) has been specifically established for subtyping HIV-1 (the source code is also available) (22) . The HIV Positive Selection Mutation Database provides detailed selection pressure maps of HIV protease (PR) and reverse transcriptase (RT) (23) . SQUAT (Sequence Quality Analysis Tool), a standalone tool that runs in the R statistical environment, was created to evaluate the quality of protease and reverse transcriptase sequences (24) . In contrast, the open-source tool HIV Contamination Detection (HIVCD) was developed for identifying potential laboratory errors (25) . The bNAber (broadly Neutralizing Antibodies electronic resource) database catalogs data on broadly neutralizing HIV antibodies, including sequences, structures, and (27) . Recently, the HIV Systems Biology website was developed; it houses (i) Gene Overlapper, which collects data from genome-wide surveys of host-cell genes linked to HIV infection and allows user-configured exploration of overlaps among studies, (ii) the Replication Cycle site, which provides an interactive account of the HIV replication cycle, including downloadable movies of structures and a link to the human genome annotated with HIV integration sites, (iii) GPS-Prot, a browser for visualization of human-HIV protein interactions, and (iv) AIDSVu, which hosts interactive online maps and allows visitors to visually explore the HIV epidemic in the United States (28) . Human T-cell lymphotropic virus type 1 (HTLV-1) is the causal agent of adult T-cell leukemia and inflammatory diseases, including HTLV-1-associated myelopathy/tropical spastic paraparesis, uveitis, and infective dermatitis. The HTLV-1 Molecular Epidemiology Database stores annotated proviral sequences from clinical, epidemiological, and geographical studies (29) .
Dengue and West Nile viruses. The NCBI Virus Variation Resources (NCBI-VVR) are a set of virus-specific databases that integrate sequence information with relevant metadata (sample collection time and location, disease severity, and serotype) as well as generic tools (multiple-sequence alignment and phylogenetic tree construction) (30) . Currently, the NCBI-VVR covers dengue and West Nile viruses (Table 2) . NCBI-IVR is also now a part of NCBI-VVR. In addition, DengueNet is a data management system created by the World Health Organization (WHO) for global epidemiological and virological surveillance of dengue fever and dengue hemorrhagic fever (31) .
Hepatitis viruses, papillomavirus, and ViPR. The most common causes of viral hepatitis are the five unrelated hepatotropic viruses: hepatitis A virus (HAV), hepatitis B virus (HBV), hepatitis C virus (HCV), hepatitis D virus (HDV), and hepatitis E virus (HEV). The public health repository for HBV, HepSEQ, provides (i) information on epidemiological, virological, clinical, nucleotide sequence, and mutational aspects of HBV infection and (ii) access to the programs Sequence Matcher (searches the database for similar sequences), Genotyper (for genotyping strains), and Polymerase Annotator (annotates the input sequence for known mutations) (32) . In a similar vein, HBVdb hosts (i) a collection of computer-annotated sequences based on reference genomes and (ii) integrated generic tools (BLAST, FASTA, and ClustalW) as well as specialized tools for annotation, genotyping, and drug resistance profiling (33) . The HepSEQ database focuses on HBV variants from patients (4,296 sequences), while HBVdb catalogs all known HBV sequences (46,667 sequences). Another sequence analysis program (not freely available, and the user has to pay for its services) to determine HBV genotypes, identify key mutations associated with antiviral resistance, and identify clinically important mutants is SeqHepB (34) . A knowledge database, HBVRegDB, for the detection, comparison, and visualization of regulatory elements in HBV sequences has also been established (35) . The LANL HCV database contains sequence data as well as a curated inventory of immunological epitopes and their interaction with the immune system (36, 37) . In comparison, the European HCV database (euHCVdb), an extension of the French HCV database, is a collection of computer-annotated sequences based on reference genomes (38) . Moreover, euHCVdb is oriented toward HCV protein sequences, 3D structures, and functional analyses. However, both the LANL HCV database and euHCVdb have been succeeded by the Virus Pathogen Database and Analysis Resource (ViPR). Nevertheless, the tools hosted on these two HCV Web portals are still available and of use to virologists.
ViPR is an integrated comprehensive repository of data (sequences, gene and protein annotations, protein structures, epitopes, and clinical and surveillance metadata) and analysis tools (BLAST, multiple-sequence alignment, phylogenetic tree construction, and comparative analysis) (39) . Currently, it contains information for several human-pathogenic viruses belonging to the Arenaviridae, Bunyaviridae, Caliciviridae, Coronaviridae, Filoviridae, Flaviviridae, Hepeviridae, Herpesviridae, Paramyxoviridae, Picornaviridae, Poxviridae, Reoviridae, Rhabdoviridae, and Togaviridae families. Due to the concern that variola virus (the causative organism of smallpox) and other related viruses might be used as biological weapons, the Poxvirus Bioinformatics Resource Center (PBRC) was developed (40) . However, both PBRC and another useful Web server, VBRC (Viral Bioinformatics Resource Center), were subsequently merged into ViPR. Two of the initially established viral repositories, the Viral Genome Database [VGDB] (41) and VirGen (42) , have also been succeeded by ViPR.
The Papillomaviridae are a diverse family of nonenveloped, double-stranded DNA viruses that infect several amniotes. The Papillomavirus Episteme (PaVE) provides access to data on computationally annotated genomes (for viral open reading frames [ORFs] and cis regulatory elements), genes, and protein sequences and structures (43) .
VIRUS GROUP-SPECIFIC TOOLS
A few databases have been designed to target a group of viruses instead of a specific virus. Hemorrhagic fever viruses (HFVs) are a diverse set of over 80 viral species defined by their pathogenicity rather than by taxonomical classification. The LANL HFV database provides access to annotated sequences and several analysis tools (Geography Search, Sequence Locator, HFValign, Gapstreeze, N-Glycosite, Highlighter, FindModel, PhyloPlace, and Protein Feature Accent [functions of these tools are similar to those mentioned above for the LANL HIV database]) (44) . Similarly, (i) Flavitrack is an annotated database of flavivirus sequences (45), (ii) FLAVIdB houses antigenic data of flaviviruses and analysis tools with applications in immunology and vaccinology (46), (iii) the hepatitis virus database (HVDB) catalogs all the HAV, HBV, HCV, HDV, and HEV sequences as well as providing a tool for their phylogenetic analysis (47), (iv) the VIDA virus database organizes open reading frames (ORFs) from partial or complete genome sequences of animal viruses (Herpesviridae, Poxviridae, Papillomaviridae, Coronaviridae, and Arteriviridae) (48), (v) DPVweb contains information about viruses, viroids, and satellites of plants, fungi, and protozoa (49), (vi) the RNA Virus Database hosts genomic organization and analytical tools for RNA viruses (50), (vii) the Subviral RNA database is designed to facilitate research and analysis of viroids, satellite RNAs, satellites viruses, the human hepatitis delta virus, and related RNA sequences (51) , and (viii) the phiSITE database catalogs regulatory elements from bacteriophages (52) . Three distinct resources that focus on endogenous retroviruses have also been developed. HERVd is a database of human endogenous retroviruses (HERVs) that provides com-plex information on and analysis of retroviral elements found in the human genome, while HESAS (HERVs Expression and Structure Analysis System) was established to understand the effect of HERVs on the expression of human functional genes (53, 54) . Both HERVd and HESAS depend on RepeatMasker, a program for identification of repetitive sequences. On the other hand, the RetroTector package was constructed for automated recognition of retroviral sequences in genomic data and is independent of RepeatMasker (55). The robustness of RetroTector is due to incorporation of several novel heuristic algorithms.
COMPARATIVE AND DIVERSITY ANALYSIS OF VIRAL SEQUENCES
With ever-increasing numbers of complete and incomplete viral genomic sequences, the development of tools for comparative analysis was inevitable. To this end, a software package (which has to be downloaded and installed), Base-By-Base, was established for single-nucleotide-level analysis of whole-viral-genome alignments (56) . On the other hand, the Web-based platform Genome Information Broker for Viruses (GIB-V) is equipped with BLAST, ClustalW, and Keyword Search algorithms for carrying out comparison studies (57) . A stand-alone BLAST Web server, ViroBLAST, for flexible queries against multiple databases and user sequence data sets has also been developed (and is available as a downloadable Web server too) (58) . The Alvira software is a multiple-sequence alignment tool with a graphical interface that can be explored at different levels of resolution and has been devised specifically to address the problem of simultaneous analysis of a large number of viral strains (59) . In addition, the CoVDB database was constructed exclusively for carrying out comparative analysis of coronavirus (CoV) genes and genomes (60) .
Viruses are presumably among the most diverse and dynamic biological entities. To understand virus diversity, ViralZone provides information on viral molecular biology, taxonomy, hosts, epidemiology, and structures (virions) (61) . On the other hand, the simple sequence editor (SSE) software package, an upgraded version of the Simmonics program, was developed to create an integrated environment where sequences can be aligned and annotated as well as analyzed by the use of a variety of diversity, phylogeny, and RNA structure algorithms (62) . The high rate of evolution in viruses leads to numerous polymorphisms in their proteins, which in turn may affect viral virulence and/or host adaptation. ViralORFeome is a database used to manage all possible variants and mutants of viral ORFs and facilitates the designing of ORF-specific cloning primers (Table 3 ) (63) . In comparison, PriSM is a Web tool to select and match degenerate primer pairs for the amplification of user-defined sets of viral genomes (64) .
The recent development of next-generation technologies has enabled us to study the biodiversity and dynamics of viral populations isolated from the environment. The first tool developed to this end, PHACCS (Phage Communities from Contig Spectrum), estimates the structure and diversity of uncultured phages (viruses that infect prokaryotes) from shotgun sequence data (Table 3 ) (65) . Subsequently, Metavir, Viral MetaGenome Annotation Pipeline (VMGAP), and Viral Informatics Resource for Metagenomic Exploration (VIROME) were established for the analysis of viral metagenomic sequences (66) (67) (68) . Among these, both Metavir and VIROME are interactive Web-based resources. A distinct computational pipeline, VirusHunter, has also been built for identification of novel viruses from a wide array of specimen types (69) .
VIRAL RECOMBINATION AND INTEGRATION-SPECIFIC RESOURCES
Viruses are known for their ability to mutate and rapidly adapt to new environments. Viral recombination plays a central role in the expansion of viral host range, increases in virulence, evasion of host immunity, evolution of antiviral resistance, and emergence of new viruses. Two distinct tools, jpHMM (jumping profile hidden Markov model) and ViReMa (Virus Recombination Mapper), have been developed for recombination detection in viral genomes (Table 3 ) (70, 71) . While jpHMM is a Web server (source code is also available to run locally) for recombination prediction in HIV-1 and HBV, ViReMa is a command line downloadable program for analyzing next-generation viral sequencing data. On the other hand, VIPR HMM (Viral Identification with a PRobabilistic algorithm incorporating hidden Markov model) software is capable of identifying recombinant and nonrecombinant viruses hybridized to a microbial detection microarray whereas the SeLOX Web server provides an interface for searching degenerate locus of recombination (lox)-like sites within genomic sequences (72, 73) . A forward simulator, VIRAPOPS, to predict variations in rapidly evolving RNA viral populations has also been developed (74) . Viral integration into the human genome has been implicated in the development of malignant diseases, and several biomedical applications include identification of cancer genes and malignant transformation in gene therapy clinical trials. SeqMap is a tool for identifying viral integration sites (VIS) from ligation-mediated PCR (LM-PCR), linear-amplification-mediated PCR (LAM-PCR), and nonrestrictive LAM-PCR (nrLAM-PCR) analysis (75) . Additionally, three more complementary tools, VirusSeq, ViralFusionSeq, and VirusFinder, each with a distinct algorithm, have been established for the detection of VIS (76) (77) (78) . It would be prudent for a user to employ all the four tools to increase the accuracy of VIS predictions. A database of human disease-related VIS (Dr.VIS) has also been constructed that catalogs data pertaining to characteristics of the malignant disease, chromosome region, genomic position, and virus-host junction sequence (79) .
SMALL-RNA ANALYSIS TOOLS
miRNAs. MicroRNAs (miRNAs) are key trans-acting factors that posttranscriptionally regulate both viral and host gene expression and thus play an important role in viral pathogenesis. ViTa catalogs known host and viral miRNAs as well as known or putative host miRNA targets on viruses (80) . It utilizes miRanda and TargetScan to predict miRNA targets within virus genomes. In comparison, the Vir-Mir database houses data on potential viral miRNA hairpins and allows prediction of viral miRNA target genes (based on the use of the RNAhybrid program) in human, mouse, rat, zebrafish, rice, and Arabidopsis (81) .
siRNAs. RNA interference (RNAi) has emerged as a powerful modality to inhibit viruses. To this end, curated repositories of experimentally validated small interfering RNA (siRNA) and short hairpin RNA (shRNA) targeting HIV (HIVsirDB) and 42 other important human viruses (VIRsiRNAdb) have been developed (Table 3) (82, 83) . siVirus is Web-based antiviral siRNA design software for analysis of influenza virus, HIV-1, HCV, and SARS coronavirus (84) . A viral siRNA efficacy prediction tool, (85) . Visitor and viRome are software packages developed specifically for the analysis of viral siRNA sequence data sets (86, 87) . Paparrazi is a useful Perl script for reconstruction of entire viral genomes from viral siRNAs present in a sample (88) .
VIRUS-HOST INTERACTION AND OTHER ECLECTIC SOFTWARES
Another major challenge is to understand the complex interplay between viral and host cellular proteins. An attempt to rationally initiate such analysis was made by constructing HBVPathDB, a database of HBV infection-related molecular interaction pathways and networks (89) . Subsequently, two knowledge-based resources, VirusMINT and VirHostNet, were almost simultaneously built for the management and analysis of interactions between viral and human proteins (Table 3 ) (90, 91) . Concurrently, the NCBI HIV-1/Human Protein Interaction Database (NCBI-HHPID) was created to exclusively catalog all interactions between HIV-1 and human proteins (92) . A Web interface, CAPIH, for comparative analyses of host-HIV-1 protein-protein interactions in human and three model animals (chimpanzee, rhesus macaque, and mouse) has also been established (93) . On the other hand, phEVER provides evolutionary and phylogenetic information for exploring virus-host and virus-virus lateral gene transfers (94) . With the availability of numerous viral genome sequences, annotation of genes is the next critical step for understanding the structure and function of genome components and for efficient vaccine development as well as for treatment of viral diseases. Therefore, several tools have been established for annotation and classification of viral sequences: NCBI Genotyping Tool (95), VIGOR (Viral Genome ORF Reader) (96), Viral Genome Organizer (VGO) (97), Genome Annotation Transfer Utility (GATU) (98), Virus-Genotyping Tools (99), ZCURVE_V (100), STAR (Subtype Analyser) (101) , and HPV-QUEST (102) . The performance of seven HIV-1 subtyping tools in terms of their reproducibility, sensitivity, and specificity was recently evaluated (103) . A primer design tool, PrimerHunter, for PCR-based virus subtype identification has also been constructed (104) . In addition, there are various other resources that have been developed to address specific issues: (i) PhyloType, which uses parsimony to reconstruct ancestral traits and to select phylotypes (subsets of taxa and strains that share a history) (105); (ii) Geno2pheno, for estimating drug resistance and subtype prediction in HIV-1, HBV, and HCV 
CONCLUSION
This review will not only enable virologists to get a comprehensive overview of tools available for a desired virus or application but will also enable them to select the best tool(s) to carry out their task. Additionally, it will facilitate the development of new and better resources by highlighting the areas where no (or a few) resources exist.
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